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Adobe is a commonly used building material in rural houses of district Hamirpur of the North Indian state of Himachal Pradesh.
Adobe is a sustainable material but has limitations of building smaller room sizes and requires frequent maintenance which is not suit-
able for modern lifestyle. These become main reasons for rejection of adobe as a building material. Initial investigation comprising of
water content analysis, speciﬁc gravity analysis, grain size analysis, plastic limit and liquid limit analysis, maximum dry density check
reveals that soil is sand clay and its low compressive strength shall be increased for enhancing its sustainability. For this purpose, sta-
bilization with natural ﬁbers of Pinus roxburghii and Grewia optiva in 0.5%, 1%, 1.5% and 2% proportions is proposed. Total 360 cubical
and cylindrical shaped samples of both stabilized and unstabilized compositions were prepared and tested in a laboratory according to
Indian standards. Unconﬁned compressive strength tests and maximum Stress Carrying Capacity tests were conducted after 07 days,
14 days, 28 days, 56 days and 90 days of casting. Results reveal that compressive strength of soil increases by 131–145% with addition
of ﬁber P. roxburghii and 225–235% with addition of ﬁber G. optiva for cubical and cylindrical samples respectively. Increased compres-
sive strength also results in a reduced thickness of traditional mud walls thereby increasing internal room size which would suit to
changed modern lifestyle requirements. Enhanced properties of adobe will result in wider acceptance of adobe as a building material
that will make development of rural housing more sustainable on a wider scale.
 2015 The Gulf Organisation for Research and Development. Production and hosting by Elsevier B.V. All rights reserved.
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History of human settlements shows varied forms of
human habitat developed as per the needs of people inhttp://dx.doi.org/10.1016/j.ijsbe.2015.07.002
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and Development.consideration with climatic factors (Houben and
Guillaud, 1994). Diﬀerent topographical and geographic
conditions lead to the development of habitat in many dif-
ferent forms involving use of local materials and techniques
however among all, earth has remained a prominently used
traditional building construction material (Bui et al., 2009).
Earth has several advantages such as easy-to-construct
with material, easy availability, thermal conduciveness
and low cost maintenance features. Given these advan-
tages, earth has preferentially been used for constructionduction and hosting by Elsevier B.V. All rights reserved.
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2004). Earth is used in many forms as per the geographical
and climatic factors of the area such as rammed
earth-walls, cob walls, adobe bricks (Bansal and Minke,
1988; Niroumand et al., 2013). Vernacular architecture of
the area speciﬁes use of earth in diﬀerent ways for building
purposes. Hilly areas of North Indian state Himachal
Pradesh involve the use of earth in the construction of
Dhajji wall, Kath-Kuni wall, Dhol-Maide, Doriya and
Farque style walls as discussed by Handa (2002) and
Kumar and Pushplata (2013a,b) which is diﬀerent from
rammed earth and bamboo walls of houses in parts of
North-east India as investigated by Singh et al. (2011).
However use of earth has speciﬁc constraints in terms of
strength and durability which restrict its use on a wider
scale. This traditional material is being widely replaced
by stronger and more durable construction materials glob-
ally as discussed by Foruzanmehr and Vellinga (2011) and
Kairamo (1975).
Earth is used in the form of adobe bricks in construction
of rural houses in district Hamirpur of the North Indian
state of Himachal Pradesh. However use of adobe has
reduced signiﬁcantly in house construction over the years
due to limitation of small sized rooms buildable with adobe
and frequent maintenance requirement of adobe walls
which is not suitable for modern lifestyle. The present
study is focused on addressing the problem of strength
aspects of earth thereby improving its compressive strength
property by addition of natural and vernacular ﬁbers. In
practical sense the increase in compressive strength of wall
material results in reducing the thickness of traditional
mud walls thereby resulting in an increase in the internal
room size. Due to increased compressive strength,
improved adobe material can sustain a load of traditional
roof truss made up of bamboo, wood or steel of longer
spans easily. Both reinforcing ﬁbrous materials being sus-
tainable would produce such construction materials that
would also be sustainable and would lead to the
development of sustainable rural housing. The research
was conducted with objectives to: (1) ﬁnd the maximum
stress carrying capacity of ﬁber reinforced soil samples
(180 cubical samples and 180 cylindrical samples) and (2)
investigate unconﬁned compressive strength of cylindrical
soil samples.
Previous studies on enhancement of properties of soil
using natural ﬁbers includes use of ﬁbers: jute, sisal, straw,
rice-husk, sugarcane bagasse (Ramı´rez et al., 2012;
Khosrow et al., 1999), chopped barley straw (Parisi et al.,
2015), processed waste tea (Demir, 2006), vegetal
(Achenza and Fenu, 2006), oil palm empty fruit bunches
(Kolop et al., 2010), lechuguilla (Jua´rez et al., 2010),
pineapple leaves (Chan, 2011), cassava peel (Villamizar
et al., 2012) and Hibiscus cannabinus (Millogo et al.,
2014). However no study regarding use of ﬁbers of Pinus
roxburghii and Grewia optiva as reinforcement in low
compressive soil for enhancement of its mechanical proper-
ties has been conducted so far which involves checking ofmaximum stress carrying capacity and comparative
strength assessment of cylindrical and cubical ﬁber rein-
forced soil samples.
The paper has been organized into two sections:
Sections 2–4 and Section 5–7. In the ﬁrst half section of
the paper, important aspects of traditional material earth
relative to its usage in the present context has been dis-
cussed which includes building regulation and codes of
practice regarding use of earth, beneﬁts of earth in terms
of thermal comfort, constraints in terms of mechanical
properties of compressive strength and durability and mea-
sures to improve the strength and durability properties.
The second half section of the paper reports the experimen-
tal investigation for improving strength properties of soil of
district Hamirpur of state Himachal Pradesh of North
India. The investigation results show that compressive
strength of soil can be considerably increased by inclusion
of natural ﬁbers. This result would be useful to produce
ﬁber mix adobe bricks with improved compressive strength
properties. Experimental investigations for checking the
durability of same mix specimens have been identiﬁed as
follow up research.2. Building regulations for sustainable building material:
earth
For propagating use of earth on a large scale for wider
acceptability by people; planning, designing and technical
guidelines regarding its use are framed in the form of com-
prehensive codal provisions and legal regulations. In some
countries they are mandatory while in others they are advi-
sory guidelines for all construction works with earth
(Middleton, 1992; Torgal and Jalali, 2012) as given in
Table 1. These regulations give details of usage process of
earth in various forms for general construction purposes
and for construction in seismic activity areas.3. Earth: advantages and constraints
Earth walls have proven to be better thermal insulators
as compared to brick or cement concrete block walls
(Goodhewa and Griﬃths, 2005; Binici et al., 2007). Study
performed by Shukla et al. (2009) shows that earth has
low embodied energy values along with low operational
energy and transportation energy values as compared to
modern construction materials. Studies by Mohammed
(2004) and (Tiwari et al., 1996) further show the eﬀective-
ness of earth in maintaining comfortable indoor thermal
environment of houses in relation to outdoor environment.
However, earth as a building material suﬀers from some
drawbacks in mechanical properties. Limitation in the
form of low compressive strength and durability against
weathering agents restricts its use on large scale (Alfred
and Ngowi, 1997). This limitation coupled with problems
of frequent and tedious maintenance of earth structures
forms the reasons for replacement of use of this material
Table 1
Description of country speciﬁc guidelines/codes for earth construction (Middleton, 1992; Torgal and Jalali, 2012).
S. N. Country Relevant guideline/code
1 United States ASTM International: 2010 – Standard Guide for Design of Earthen Wall Building Systems (ASTMD 559-57)
2 New Zealand SNZ: Standards New Zealand
(NZS 4297:1998, NZS 4298:1998, NZS 4299:1998)
3 New Mexico State Regulations “Rammed Earth And Adobe Based Construction” – 1999 (CID: NMAC 1474)
4 Spain AENOR: Spanish Association For Standardization And Certiﬁcation 2008 (UNE 41410:2008-12-10)
5 Colombia ICONTEC, 2004 (NTC 5324)
6 Australia Australian Regulations “Bulletin 5” – 1952 by CSIRO
Replaced by “Australian Earth Building Handbook” 2002
7 South Africa ARSO: African Regional Standards: 1996 (ARS 670, ARS 683)
8 Kenya KEBS: Kenya Bureau of Standards (KS 02-1070)
9 Tunisia INNORPI: Tunisian Standards: 1996 (INNORPI: NT 2133, INNORPI: NT 2135)
10 France AFNOR: 2001 (AFNOR:XP P13-901)
11 India IS 13827:1993, IS 1725 1982 (reaﬃrmed 2002), General Building Construction, NBC Handbook (IS 1725 1982)
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etc. (Quiteria et al., 2012).
4. Improving mechanical properties of earth
Research studies (Binici et al., 2005; Morel et al., 2007;
Aubert et al., 2013; Jaquin et al., 2009; Illampas et al.,
2014) indicate that both compressive strength and
durability of earth can be increased by addition of either
stabilizers or reinforcement in the form of natural/artiﬁcial
ﬁbers or by adding both stabilizer and ﬁber reinforcement.
Natural ﬁbers and stabilizers generally used for soil
reinforcement are ﬁbers of sisal, jute, cow-dung, rice husk,
sugarcane bagasse etc. (Khosrow et al., 1999; Ashour et al.,
2011; Marı´n et al., 2010; Ramı´rez et al., 2012) while
man-made stabilizers and reinforcement include use of
cement, lime, rubber ﬁbers, plastic waste etc. (Consoli
et al., 2002).
Use of a particular type of stabilizer and its consequent
behavior in the improvement of compressive strength of
soil is diﬀerent from the other owing to the diﬀerence in
its chemical composition and properties. However addition
of natural ﬁbers is more beneﬁcial than addition of artiﬁ-
cial ﬁbers or stabilizers since natural materials are lower
in embodied energy and toxicity than man-made materials
as shown by study by John et.al John et al. (2005). The
study discusses that natural ﬁbers require no or very less
processing and can be used in crude form also. Therefore
they are more environment friendly than artiﬁcial ﬁbers.
Moreover use of these natural stabilizing materials in pro-
duction of construction materials results in the manufac-
ture of materials which themselves are sustainable.
Choice of use of natural ﬁbers depends upon their avail-
ability and rate of acceptance of resulting product in the
area. In this regard, vernacular natural ﬁbers always have
added advantage of being easily available and known to
common masses who would be their potential users.
Regarding economy, transportation and handling costs of
vernacular materials are negligible which makes this tech-
nology easy-to-work with type (Morela et al., 2001).Various compressive strength tests of earth include tri-
axial tests, unconﬁned compressive strength tests, CBR
(California bearing ratio) tests, direct shear tests, tensile
and ﬂexural test (Lima et al., 2012; Nowamooz and
Chazallon, 2011; Morel and Pkla, 2002; Miccoli et al.,
2014) and durability tests which include wire brush test,
spray test, drip test, capillary absorption test, wetting and
drying test, freezing and thawing test (Heathcote, 1995;
Ogunye and Boussabaine, 2002; Guettala et al., 2006), con-
densation and weathering tests (Ren and Kagi, 1995).
Studies (Quagliarini and Lenci, 2010; Ghavami et al.,
1999; Consoli et al., 1998; Ranjan et al., 1999) indicate
the relation between ﬁber length and strength properties
that increase in ﬁber length increases shear strength prop-
erties up to a certain limit. The reason may be the increase
in contact area with the soil which results in improvement
in strength and stiﬀness of soil.
5. Experimental investigations
Presently the district comprises 60% rural houses
(Revised Development Plan, 2012), out of which nearly
70% are made of adobe, bamboo and wood as shown in
Fig. 1. However, now people are shifting toward use of
modern materials like cement concrete owing to its better
compressive strength and durability properties. This has
produced serious eﬀects on usage of earth in construction
of rural houses which is increasingly being abandoned
due to problems in its use in terms of tedious repair and
maintenance, low ﬂexibility in design and low durability.
In order to solve the problem of low strength of soil which
results in low compressive strength property of resultant
adobe, the present study is focused on improving the com-
pressive strength of sand clay soil of district Hamirpur of
the state Himachal Pradesh of North India using natural
vernacular ﬁbers of G. optiva popularly known as ‘Beul’
and P. roxburghii popularly known as ‘Chir Pine’. A series
of unconﬁned compressive strength tests and ﬂexure tests
were conducted for diﬀerent specimens comprising 2.5%
cement and randomly mixed varied proportions of both
Figure 1. Rural adobe houses of district Hamirpur, Himachal Pradesh, India.
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results were calculated as an average of strength results of
four specimens as speciﬁed by Indian standards (IS:
2720-10, 1991).While Unconﬁned Compression Strength
tests were conducted in Load Frame testing machine with
capacity up to 50 kN using Indian Standard codal provi-
sions (IS: 2720-10, 1991), the maximum stress carrying
capacity was tested in compression and ﬂexure testing
machine after preliminary checks of physical properties
of the soil.
5.1. Materials
5.1.1. Soil
Materials used in this investigation are soil, cement
(grade M43), and indigenous natural ﬁbers of P. roxburghii
and G. optiva. Soil was brought from NIT Hamirpur (near
gate 1) as shown in Fig. 2. Initial investigation comprising
water content analysis (IS: 2720-2, 1973), speciﬁc gravity
analysis (IS: 2720-3, 1980), grain size analysis (IS: 2720-4,(a) Sand clay Soil
(b) Pinus Roxburghii
Figure 2. Materials used in investigations: sand clay so1985), plastic limit and liquid limit analysis (IS: 2720-5,
1985) and maximum dry density and optimum water con-
tent tests (IS: 2720-7, 1985) for checking physical and
mechanical properties of soil were conducted as shown in
Fig. 3. Results showed that soil is sand clay designated
by SC as per Indian Standard classiﬁcation (IS
1498-1970) given in codal provision IS: 2720-4 (1985) and
of low compressive strength. Tests revealed that soil has
a water content of 11.48%, speciﬁc gravity 2.67, plastic
limit 17.78%, liquid limit 23.29%, plasticity index (PI)
5.512, optimum moisture content 12.5% and maximum
dry density 18.8 kN/m3 as reported in Table 2. Speciﬁc
gravity of M43 grade cement used is 3.10. Soil used in man-
ufacture of adobe is taken from either ﬁelds or grazing/pas-
ture areas. Since the study area is located in hilly terrain,
therefore all areas are not suitable for cultivation purposes
for the reasons of high slopes leading to uneconomical cul-
tivation. Moreover such areas are not fragile hills or large
mountain areas rather they are ﬂat/gently sloping areas
located in pastures or near farm areas. Therefore(c) Grewia Optiva
il and ﬁbers of Pinus roxburghii and Grewia optiva.
(a) Sieve analysis                (b) Plastic limit test          (c) Standard Proctor Test 
Figure 3. Diﬀerent tests conducted for physical properties of earth.
Table 2
Physical properties of selected soil.
Property name Value
Water content (%) 11.48
Liquid limit (%) 23.29
Plastic limit (%) 17.78
Plasticity index (PI) 5.512
Optimum moisture content (OMC) (%) 12.5
Maximum dry density (MDD) (kN/m3) 18.8
Speciﬁc gravity of soil solids (G) 2.67
Classiﬁcation as per Indian Standard SC
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allow both cultivation and construction activities and also
are not ecologically fragile, are favored for excavation and
procurement of soil. Materials used in investigation are
shown in Fig. 2.
5.1.2. Fibers
Fibers of P. roxburghii and G. optiva are native to the
region. Moreover they both are treated as waste materials
which require frequent disposal. Large P. roxburghii forest
area requires prescribed ﬁres in a controlled manner by
local forest department every year to lower the danger of
spread of natural forest ﬁre during every summer season.
At global scale also, prescribed ﬁres are the most common
practice to counteract the spread of natural forest ﬁres,
however it results in harmful emissions. Therefore with
the dual purpose of minimizing negative impacts associated
and taking advantage of its tensile strength, ﬁbers of P.
roxburghii have been proposed for manufacturing of
improved soil blocks to advantageously use this forest
waste product. Similarly ﬁbers of G. optiva are used onlyfor rope making that has also been limited nowadays due
to use of plastic rope. After use of leaves of G. optiva as
fodder for animals, its ﬁbrous stem and branches are
thrown away as waste materials which are the main source
of ﬁbers from this plant. In this way, ﬁbers of G. optiva can
be a lucrative option to be used for producing improved
soil blocks. Therefore utilization of both waste ﬁbrous
materials would result in enhancing adobe block properties
leading to the production of more sustainable materials.
Studies performed by Kumar et al. (2006) and
Casagrande et al. (2006) showed an increase in peak
strength value of soil with addition of ﬁber reinforcement.
Compressive strength of ﬁber reinforced mud bricks is more
than that of customary unreinforced mud bricks as shown
by Binici et al. (2005). A similar study by Babu et al.
Babu and Vasudevan (2008) showed that addition of dis-
crete coir ﬁbers by about 1–2% by weight in the soil
increases the strength and stiﬀness of tropical soil.
A research by Dasaka et al. (2011) on the relation between
soil strength and length of ﬁber showed that variation in the
length of ﬁbers and content in the soil results in improve-
ment in strength characteristics of soil. Length of ﬁbers
therefore plays a signiﬁcant role in compressive strength
improvement of soil. In this investigation, ﬁbers of size
30 mm for both P. roxburghii and G. optiva were used for
random mixing. Physical and engineering properties of
both the ﬁbers P. roxburghii (Chir Pine) and G. optiva
(Beul) were checked and reported as given in Table 3.
Standard proctor tests and ﬂexural strength tests were
conducted (IS: 2720-7, 1985; Kumar et al., 2006) and com-
paction curves were developed. The soil used in this inves-
tigation has a composition of coarse grain particles with
values as .0756 for sand and .0005 for clay as per Indian
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Ranjan et al. (1996) discusses the relation between grain
size of given soils and the ﬁber-bond strength. The study
showed that ﬁner sand particles have more ﬁber bond
strength than coarse grained soils and silts have even better
performance.
5.2. Specimen preparation for testing
Specimens with two types of geometrical shapes were
prepared namely: cylindrical and cubical. Cylindrical spec-
imens for this investigation were prepared with dimensions
38 mm diameter and 76 mm height and cubical samples
were prepared with dimensions 190 mm  90 mm 
90 mm. All 360 samples (180: cylindrical and 180: cubical)
were prepared using a mixture of moist soil, moist
soil + cement and moist soil + cement + ﬁbers. Specimens
were prepared corresponding to optimum moisture content
and maximum dry unit weight values. Samples were pre-
pared with and without stabilizers and reinforcement.
For each mixture composition, 40 samples (20: cylindrical
and 20: cubical) were made as per Indian standards.
Specimens were classiﬁed according to composition and
respective designation as given in Table 4. After prepara-
tion all samples were covered with gunny bags and allowed
to cure in shade for a period of one week. Before starting
with compaction procedure, mold (in both cases) was
lubricated from inside to facilitate easy removal of samples
from the mold and minimize the chances of sample
fracturing during removal. Compaction of mixtures was
done in the form of three equal layers. Each layer was
ﬁlled up to the required fraction of height and compacted.
Each layer was scoured before ﬁlling the mold with a
mixture for subsequent fraction of layer. This was done
to ensure that a good bond is established between the
layers in each eﬀort. After removal from mold each sample
was trimmed to the desired height and ﬁber sticking out
from the sample at the top, bottom and sides was trimmed
with scissors.
5.3. Testing of specimens
Specimens were tested after curing was complete. Tests
were conducted for compressive strength and stress carry-
ing capacity after 07, 14, 28, 56 and 90 days of casting.
The test results were taken as average of four specimensTable 3
Physical and engineering properties of ﬁbers: Pinus roxburghii (Chir Pine)
and Grewia optiva (Beul).
Property Value (Pinus roxburghii) Value (Grewia optiva)
Tensile strength (N) 11.15 15.35
Shape Triangular cross-section Circular
Diameter (mm) .48 .03
Length (mm) 324 730
Color Dark brown Light brownas per Indian standards (IS: 2720-3, 1980). If the individual
variation was found to be more than ±5% of the average,
the value was not considered in calculation of the average
value. Increase in strength was determined by performing
a series of unconﬁned compressive tests (IS: 2720-3, 1980)
with a constant strain rate of 0.04 mm/min. throughout
the testing investigation on cylindrical samples and stress
carrying capacity was noted by testing cubical samples in
compression and ﬂexural load testing machine. The maxi-
mum stress carrying capacity of both types of samples
was compared to evaluate the diﬀerence in strength
increase with diﬀerent shapes. Tests were performed on soil
specimens prepared at the maximum dry unit weight
determined using the standard Proctor test and optimum
moisture content (IS: 2720-7, 1985). Investigations
included testing of unreinforced samples (0% ﬁbers),
stabilized unreinforced samples (2.5% cement) and
stabilized reinforced samples prepared with 2.5% cement
and 0.5%, 1%, 1.5% and 2% (by weight of dry soil) of ﬁbers
of both P. roxburghii and G. optiva.
6. Results and discussion
This section discusses the results of Standard Proctor
Compaction Test, Stress Carrying Capacity test and
Unconﬁned Compression Strength test results. The resul-
tant stress carrying capacity curves and stress–strain curves
were plotted for various cases and compared.
6.1. Standard Proctor Compaction Test results
The results of Standard Proctor Compaction Test are
given in Table 5. The table shows the results of Proctor
Compaction Tests conducted on low compressive sand clay
soil with varying contents of cement as 2.5% and 3.5% as
per codal provisions (IS: 2720-7, 1985). The table clearly
shows that the maximum dry density of soil increases
with addition of cement up to 2.5%. However, further
addition of 3.5% decreases this value. Therefore for
addition of 2.5% cement, the value of maximum dry
density (MDD) for given OMC value is more than
corresponding values of MDD for addition of 3.5% cement
in soil. This resulted in the selection of 2.5% of cement
to be used as stabilizer for soil along with ﬁbers for
subsequent UCS and stress carrying capacity experimental
program.
6.2. Stress carrying capacity
6.2.1. Testing of cube samples
Compression and ﬂexure testing machine were used to
investigate maximum stress carrying capacity of 180 cubi-
cal samples of composition: soil + 0% stabilizer + 0% rein-
forcement and soil + 2.5% cement + ﬁbers. The samples
were tested after periods of 07, 14, 28, 56 and 90 days to
understand the gain in strength of the samples as shown
in Fig. 4. The ﬁgure shows that stress carrying capacity
Table 4
Designation of mixtures.
Mix designation Mix speciﬁcation Specimen number
M1 Soil(0% Cement, 0% Fiber) 40
M2 Soil(2.5% Cement, 0% Fiber) 40
M3 Soil(2.5% Cement, 0.5% Fiber: Pinus roxburghii) 40
M4 Soil(2.5% Cement, 1.0% Fiber: Pinus roxburghii) 40
M5 Soil(2.5% Cement, 1.5% Fiber: Pinus roxburghii) 40
M6 Soil(2.5% Cement, 2.0% Fiber: Pinus roxburghii) 40
M7 Soil(2.5% Cement, 0.5% Fiber: Grewia optiva) 40
M8 Soil(2.5% Cement, 1.0% Fiber: Grewia optiva) 40
M9 Soil(2.5% Cement, 2.0% Fiber: Grewia optiva) 40
Total number of specimens 360
Table 5
Standard Proctor Compaction Test results.
Mix designation MDD (kN/m3) OMC (%)
M1: Soil 18.8 12.5
M2:Soil + 2.5% cement 19.31 8.2
Soil + 3.5% cement 17.36 12.9
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strength. It was seen that the maximum gain in strength
is shown by samples M9 followed by M4 corresponding
to a ﬁber mix of 2% G. optiva and 1% P. roxburghii. The
results indicate that samples of ﬁber mix G. optiva show
maximum gain in strength.
It can be interpreted from the curves that: (1) samples
M1and M2 have brittle behavior and they break immedi-
ately into pieces on the appearance of cracks after reaching
maximum load carrying capacity, (2) samples M3, M4, M5
and M6 show ductile behavior. The samples did not disin-
tegrate into pieces immediately after appearance of cracks
when the maximum load carrying capacity of samples
was reached. Instead disintegration was delayed with time
and samples with more ﬁber content showed maximum
delay in disintegration, (3) samples M7, M8 and M9
showed similar ductile behavior with delay in disintegra-
tion of samples even after appearance of cracks, (4)
samples M7, M8 and M9 (of G. optiva) showed more
ductile behavior than samples M3, M4, M5 and M6 (of
P. roxburghii).6.2.2. Comparing stress carrying capacity for cubical and
cylindrical samples
Comparing stress carrying capacity (and corresponding
compressive strength values) of samples of both geometri-
cal shapes, it was seen that the values are comparable for
both types as shown by Figs. 4 and 5. The curves clearly
show that while cubical samples showed a maximum stress
carrying capacity value of 3.8 N/mm2, cylindrical samples
showed it 2.85 N/mm2. It can be interpreted from the ﬁg-
ures that stress carrying capacity of soil (which also corre-
sponds to its compressive strength) increases with addition
of ﬁber reinforcement of P. roxburghii and G. optiva.
Furthermore it also indicates that soil samples of ﬁberG. optiva have more strength than soil samples of ﬁber
P. roxburghii.6.3. Compressive strength test results
The compressive strength properties of diﬀerent mix
samples of cylindrical shape were recorded and analyzed
as shown in Fig. 6. The compressive strength values
required by Indian standards for traditional mud brick is
1.0 N/mm2. However, the values in the case of the ﬁber
reinforced mud bricks tested in the present study are higher
with maximum values of 2.08 N/mm2 for P. roxburghii and
2.85 N/mm2 for G. optiva. This also implies that with
increased compressive strength, now wall thickness can
be reduced for practical purposes, leading to an increased
internal room size.
Analysis of Figs. 4–6 shows that in the case of cubical
samples for tests conducted after a period of 07 and
14 days maximum early gain in strength is shown by mix
M9 followed by mixes M4, M8, M2, and M7. However
for tests conducted after a period of 28 days, 56 days and
90 days the maximum ﬁnal gain in strength is shown by
mix M9 followed by mixes M4, M6, M8, M2. Similarly
for cylindrical samples, for tests conducted after a period
of 07 and 14 days the maximum early gain in strength is
shown by mix M9 followed by mixes M8, M7. For tests
conducted after a period of 28 days, 56 days and 90 days
the maximum ﬁnal gain in strength is shown by mix M9
followed by mixes M9, M6, M8, M2 and M7.
It can be interpreted from the curves that inclusion of
0.5–2% of ﬁbers in the soil increases peak compressive
strength of the low compressive soil by about 50–225%
for cubical samples (base strength of 1.17 N/mm2 of M1)
and 50–235% (base strength of .85 N/mm2 of M1) for
cylindrical shaped samples. The maximum increase in com-
pressive strength is shown by specimen M9 reinforced with
ﬁber 2% G. optiva and is 225–235% for cubical and cylin-
drical samples (with base strength of 1.17 and .85 N/mm2
respectively of soil) followed by specimen M6 reinforced
with 2% P. roxburghii showing an increase in compressive
strength by 87–145% for cubical and cylindrical samples
(base strength of 1.17 N/mm2 and .85 N/mm2 respectively
of soil) and specimen M4 reinforced with 1% P. roxburghii
Figure 4. Maximum stress carrying capacity and gain in strength for cubical soil samples.
Figure 5. Maximum stress carrying capacity and gain in strength for cylindrical soil samples.
Figure 6. Compressive strength of cylindrical soil samples.
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cubical samples (base strength of 1.17 N/mm2of soil).
These curves therefore imply that compressive strength of
low compressive sand clay soil of district Hamirpur of
the North Indian state Himachal Pradesh, can be improved
considerably by inclusion of ﬁber reinforcement in the form
of natural vernacular ﬁbers of G. optiva and P. roxburghii
found in the area.
In practical sense this implies vernacular natural materi-
als can be advantageously added in the soil of district
Hamirpur (used for manufacture of adobe bricks for con-
struction of houses) in order to increase its compressive
strength. The increase in compressive strength of wall
material results in a lesser width of walls thereby resulting
in an increase in room size. The increased compressive
strength further results in supporting traditional roof truss
made up of bamboo, wood or steel of longer spans. This
would address the problem of narrow room sizes which
earlier existed in old houses due to material strength con-
straint of adobe. This can lead to increased social accep-
tance mitigating the problems of rejection by common
masses due to design of narrow room sizes.
Testing investigation was also carried out to check tensile
strength properties of both the ﬁbers. It was found that ten-
sile strength properties of ﬁber G. optiva are better than
those of P. roxburghii. Better ﬁber-soil bonding in the case
of G. optiva specimens gives them more compressive
strength than specimens of P. roxburghii. Factors that inﬂu-
ence ﬁber-soil bond will be examined at a microscopic level
for both types of ﬁbers especially over the period of time.
7. Conclusion
In this study, natural vernacular ﬁbers of P. roxburghii
and G. optiva in proportions of 0.5%, 1%, 2% are added
to sand clay soil to enhance its low compressive strength
and a total of 360 samples of various compositions are pre-
pared (180 cubical samples and 180 cylindrical samples)
and tested in laboratory as per IS (Indian Standard) codes
for which the following results are drawn:
(1) Unreinforced soil without addition of stabilizer
shows brittle behavior in UCS tests.
(2) Unreinforced cement stabilized soil specimens also
show brittle failure behavior.
(3) The maximum stress carrying capacity is shown by
samples of mix M9 reinforced with ﬁber G. optiva
for both cubical and cylindrical types.
(4) Addition of ﬁbers leads to an increase in compressive
strength of soil by 50–225% for cubical samples (base
strength of 1.17 N/mm2 of M1) and 50–235% (base
strength of .85 N/mm2 of M1) for cylindrical shaped
samples.
(5) Increase in compressive strength value of soil is more
in the case of specimens reinforced with ﬁber
G. optiva which is 225–235% for cubical and cylindri-
cal specimens (with base strength of 1.17 and.85 N/mm2 respectively of soil) than in the case of
reinforcement with ﬁber P. roxburghii which is 131–
145% for cubical and cylindrical specimens (with base
strength of 1.17 and .85 N/mm2 respectively of soil).
Considering the above conclusion, ﬁbers of both the ver-
nacular natural materials can be advantageously added in
the soil of study area. In practical sense, the increase in
compressive strength will reduce the thickness of tradi-
tional mud walls thereby increasing internal room size
which would suit to changed modern lifestyle requirements.
This would help in overcoming the reasons of rejection of
this material in terms of constraints of narrow achievable
room size by using customary adobe bricks and frequent
maintenance of traditional adobe walls.
Since both the materials are indigenous to the area and
are sustainable therefore their beneﬁcial additions for
increasing compressive strength of soil will produce supe-
rior sustainable construction materials that would help to
achieve sustainability of rural houses on a wider scale.
Experimental investigation for durability of specimens of
same composition has been identiﬁed as follow up research
area which would also address the problems of erosion and
frequent repair and maintenance of rural houses owing to
poor weatherability.
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